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Abstract 
 
The hydrothermal method of synthesis was successfully utilized to produce the rutile 
dandelion support onto which different noble metals were deposited using the deposition 
precipitation method to prepare the Au-TiO2, Pt-TiO2, Pd-TiO2 and Rh-TiO2 catalysts. The 
catalysts were prepared at different metals loadings. The deposition precipitation method was 
also employed to deposit the same metals (Au, Pt, Pd and Rh) onto the rutile (110) and (111) 
crystal surfaces to model the catalysts. Transmission electron microscopy, scanning electron 
microscopy and powder X-ray diffraction were used as the main characterization techniques 
to study the preferred deposition sites of the metals as well as the composition of the 
catalysts. TEM analysis showed the metals to deposit onto the sides and tips of the rutile 
nanorods making up the dandelion support structure. SEM analysis showed the metals to 
deposit onto the (110) and (111) crystal surfaces with the exception of Pd which deposited 
onto the (111) and (001) surfaces only. TEM analysis showed that the metals agglomerated 
following Temperature-Programmed Reduction (TPR) under H2 gas. TPR analysis showed 
strong-metal-support interaction for the Pt, Pd and Rh catalysts. 
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Chapter 1: Introductory Literature Review 
1.1 Titanium dioxide 
Titanium dioxide (TiO2) has been the subject of a large number of investigations over the 
past decade due to its wide range of applications (1). These include use in dye-sensitised solar 
cells, photocatalysis, gas sensors and energy-storage devices due to the low cost, abundance 
and safety (2).  
1.1.1 Polymorphs of TiO2 
The three polymorphs of TiO2 that are stable at room temperature and pressure are anatase, 
rutile and brookite. The crystal structures of the three polymorphs are made up of distorted 
TiO6 octahedra. Rutile has a tetragonal structure in which two opposing edges of each 
octahedron are shared to form linear chains along the [001] direction and the TiO6 octahedra 
are linked together via corner connection (3). Anatase also adopts a tetragonal structure, but 
with no corner sharing, in which the octahedra are linked through edge sharing forming 
zigzag chains. Four edges are shared per octahedron. Brookite has an orthorhombic structure 
where the octahedra share three edges and corners. The distorted TiO6 octahedra in brookite 
are cross-linked to form chains via shared edges and are arranged parallel to the c-axis. 
Rutile is the most abundant and thermodynamically stable form of titania (4). Once formed 
rutile cannot be easily turned into another phase of TiO2. Anatase is the kinetic product of the 
reaction of titanium and oxygen. It decays to the more thermodynamically stable product 
(rutile) under certain conditions, most generally through heating. Brookite is very unstable 
and converts easily and rapidly to anatase and rutile. The structures and crystalline properties 
of the three polymorphs are shown Figure 1.1 (5). 
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Figure 1.8: Planar Ti3O building-block representation (left) and TiO6 polyhedra (right) for 
the TiO2 phases (a) rutile, (b) anatase and (c) brookite (c) (6). 
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1.1.2 Synthesis of dandelion-like rutile TiO2 
Titanium dioxide particles have been synthesised recently in different three-dimensional 
assemblies. Nanorods, nanotubes and nanowire particles have been reported (7; 8; 1). 3D 
dandelion-like rutile TiO2 has attracted great interest with potential applications in 
photocatalysts, dye-sensitised solar cells and gas sensors due to its dimension and high 
surface area (1).  
The mechanism for the morphology evolution of TiO2 nanorods into 3D dandelion-like 
microspheres in a non-polar solvent was proposed by Zhou, Jing, et al. and is shown in 
Figure 1.2. The proposed mechanism proceeds in three steps which might overlap as follows: 
(i) formation of random titania nanorods, (ii) oriented self-assembly, (iii) further growth and 
densification (1). The first step in the formation of random titania nanorods is the hydrolysis 
of the titanium precursor at the liquid-liquid (titanium precursor-solvent) interface which 
forms the titania nucleus. The high concentration of the precursor then results in the 
formation of many short nanorods which align through random mixing to lower their surface 
energy. The adsorption of the Cl- ions on the (110) plane favours the growth of nanorods and 
gives rise to a repulsive force between the nanorod side walls. This repulsive force is weak 
and cannot stabilize separated nanorods linking end to end, where there is a high-energy 
growth surface, and the nanorods consequently aggregate along the (001) plane. The 
nanorods then connect to form a radially aligned structure by oriented aggregation on the 
high energy (001) and (111) planes [1]. The radial alignment of the nanorods is a good 
geometrical match for the spherical structure of the microspheres. It should also significantly 
minimize the surface area and lower the total free energy [1]. As the reaction proceeds futher, 
loosely packed nanorods are densified by growth of the original nanorods  and/or further 
assembly of  the newly nucleated nanorods along the radial direction. The microspheres 
increase in size and the result is densely packed dandelion-like microspheres comprising 
ordered nanorods. 
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Figure 1.9: The growth mechanism of dandelion-like rutile titania microspheres in a non-
polar solvent as proposed by Zhou, Jing, et al. (1). 
Dandelion-like TiO2 is formed through the self-assembly of individual TiO2 rutile nanorods 
into a 3D spherical structure between 0.3-2 μm in diameter, with the rods having a thickness 
of 5-20nm . The nanorods are radially closely packed into a sphere with square-shaped ends. 
In the work of Zhou et al. the nanorods in a dandelion have an average diameter of 15 nm and 
lengths of hundreds of nanometres [1].   
Rutile due to its 42 screw axes usually crystallizes in a rod-like shape along the 
crystallographic c-axis (in the [001] direction). The rutile 42 screw axes promotes the self-
assembly of the rutile nanorods along the [001] direction into a dandelion-like structure and 
consequently leads to a dandelion dominated by the {110} faces. The dandelions are prepared 
by the hydrothermal oxidation of titanium using a TiCln (n = 3,4) precursor. The 
hydrothermal reaction produces HCl (H+ and Cl- in a solvent) and the selective adsorption of 
the Cl- ions on the rutile (110) plane also promotes the anisotropic growth of the nanorods 
along the [001] orientation. 
1.2 Surfaces of rutile TiO2 
Understanding the surfaces of titania is critical to understanding the properties of the 
dandelions and their chemical and physical behaviour. TiO2 surfaces have attracted 
considerable attention and have been the subject of a large number of studies aimed at 
understanding their catalytic properties (9). 
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Rutile has three main low index surfaces; the (110), (100) and the (001) surfaces. The (110) 
and the (100) surfaces are very low in energy and are considered to be important for practical 
polycrystalline and powder materials. The (110) surface is the most thermally stable of the 
three and therefore the most studied (4). 
Two concepts have been introduced to predict the stability of oxide structures: bulk 
truncation and autocompensation. Both concepts are used in a complementary way and form 
a necessary but insufficient condition for stable surface terminations [4; 10]. 
Bulk truncation deals with the stability of ionic surfaces based purely on electrostatic 
considerations. This concept was discussed by Tasker and requires the dipole moment of a 
repeat unit perpendicular to the surface to be zero in order for the surface energy to converge 
(10). Tasker classed ionic or partially ionic crystals in three types.  
• Type 1 crystals are neutral and consist of an equal number of anions and cations in 
each plane.  
• Type 2 crystals comprise of charged planes but have no dipole moment because of a 
symmetrical stacking sequence.  
• Type 3 crystals are charged planes and have a dipole moment in the repeat unit 
perpendicular to the surface.  
Therefore Type 1 and Type 2 crystals are stable and the Type 3 crystals are generally 
unstable (10).  
Autocompensation was originally developed for surfaces of semiconductors and was applied 
to metal oxide surface by LaFemina (4). Autocompensated surfaces are those in which the 
anion-derived dangling bonds are compensated by the excess charge from cation-derived 
dangling bonds. The net result is that the cation-derived dangling bonds are completely empty 
and the anion-derived dangling bonds are completely full. Autocompensated surfaces are 
predicted to be the most stable (4).  
1.2.1 The (110) surface 
The rutile (110) surface is the most stable of the rutile low index surfaces and is therefore the 
most investigated (11; 12). The surface is made up of six-fold coordinated Ti atoms (Ti6f) 
alternating with rows of five-fold coordinated Ti atoms (Ti5f) along the [001] orientation (4). 
The Ti5f atoms have one dangling bond at 90° to the surface. Within the main surface plane 
are the three-fold coordinated oxygen atoms (O3f) in-between the Ti ions and two-fold 
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coordinated oxygen ions (bridging ions, OB) are on the top plane of the surface (see Figure 
1.3). The OB ions rows run parallel to the Ti5f ions (12). 
 
Figure 1.3: The rutile (110) surface structure showing the five-fold coordinated Ti and the 
bridging oxygen ions. The bridging oxygen ions lie on top of the six-fold coordinated Ti 
atoms and the three-fold coordinated oxygen ions are between the five-fold coordinated and 
six-fold coordinated Ti ions. Image drawn using “Mercury” version 2.0. 
The five-fold coordinated Ti ions relaxes inwards and six-fold coordinated Ti ions relaxes 
outwards (Figure 1.4). The Ti-Ti bonds are 2.96Å along the [001] direction and 6.50Å along 
the [110] direction. The surface energy, which depends on the coordination number of the 
surface atoms, greatly influences the surface stability and reactivity. The rutile (110) surface 
atoms have a coordination number that is very similar to the bulk rutile structure hence 
making it the most stable of the rutile surfaces. The great stability of the (110) surface makes 
it the least reactive of the rutile surfaces (11). The active sites on this surface are the Ti5f ions 
and oxygen vacancies where one or more OB ions are missing. These vacancies are created by 
annealing and electron beam bombardment (4). 
Bridging O 
5-fold Ti a 
c 
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Figure 1.4: A section of the rutile (110) surface with the arrows showing the ionic relaxations 
of the surface ions (4). 
1.2.2 The (001) surface 
The (001) surface comprises of double rows of OB ions alternating with rows of Ti5f ions 
which are equatorial. The surface Ti and O ions are four-fold coordinated and two-fold 
coordinated, respectively (Figure 1.5 and 1.6) (12). The surface Ti ions are four-fold because 
of the equatorial plane of the TiO6 octahedra which is perpendicular to the surface and as a 
result two equatorial ions are lost upon cleaving the crystal (13). The bulk Ti ions are six-fold 
coordinated forming a distorted octahedron with the four equatorial oxygen ions slightly 
closer to the two axial oxygen ions (13). The ionic relaxations of the (001) surface were 
studied by Muscat and Harrison using the Hartree Fork approximation (see Chapter 3) and 
are illustrated in Figure 1.5 (13).  
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Figure 1.5: A portion of the (001) surface viewed along the [010] direction (top image) and 
along the [001] direction (bottom image). The arrows indicate the main ionic relaxations 
calculated in the study (13). 
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Figure 1.6: The rutile (001) surface (4). 
The (001) surface is very high in energy (highest of the rutile titania planes (1)) and tends to 
facet or reconstruct (4). The (001) surface has attracted less attention than the (110) or the 
(111) surface due its high energy and primarily because it is difficult to prepare a well 
characterized surface (13). The rutile (001) surface has the least detailed structural 
information although the “faceted” surface has been used extensively in the study of organic 
molecules reactions (4). The (001) surface is also used in electrochemical studies as the 
crystal orientation of choice as the electrical conductivity is highest along the [001] direction.  
 
1.2.3 The (111) surface 
The structure of the rutile (111) surface is made of rows of Ti ions ordered in a quasi-
hexagonal symmetry with rows of O ions in between them. The structure arranges into 
triangular units as shown in Figure 1.7. All the Ti and O ions in the topmost layer are five-
fold and two-fold coordinated, respectively. The distances between neighbouring Ti ions are 
546 and 649 pm. The surface reconstructs into (1×1) and (1×2) phases when sputtered and 
annealed at temperatures.  
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Figure 1.7: A schematic of the rutile (111) surface structure 
 
1.3 Noble metals on TiO2 
Noble metals deposited onto the surface of TiO2 particles have proved to be an effective way 
of enhancing the visible light response and improving charge separation (of photoexcited 
electrons and holes) in TiO2 catalysts (14). Model systems consisting of nanostructured metal 
overlayers have been prepared by well-controlled deposition of the metal overlayers onto the 
well-defined TiO2(110) surface. The preparation of these model systems is preceded by the 
preparation of the well-defined and clean oxide surface by cleaving in ultra-high vacuum 
(UHV). Surfaces produced in this way are generally stoichiometric and exhibit low defect 
density. Deposition of the metal overlayers is also conducted under UHV. The model systems 
of different metals deposited onto different TiO2 surfaces have been studied by different 
characterization techniques and the results were reported by Diebold (4). The interactions of 
Au, Pd, Pt and Rh with the TiO2 (110) surface support are summarised in Table 1. 
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Table 1:  Interactions of Au, Pd, Pt and Rh with the TiO2 (110) surface (15; 4) 
Metal Growth 
morphology/ 
structure 
Interaction at room 
temperature 
Thermal 
stability* 
Band bending  
Δ(EF – EV)** 
(eV) 
Au 
2D initially, then 
3D (111) clusters 
Metallic Au 
No Reduction of Ti4+ 
Sintering 0.10 – 0.15 
Pd 
FCC (111) 
clusters 
Metallic Pd 
Oxidation of Ti3+ to Ti4+ 
Sintering, 
Encapsulation 
-0.3 
Pt (111) clusters 
Metallic Pt 
Oxidation of Ti3+ to Ti4+ 
Sintering, 
Encapsulation 
-0.9 
Rh (111) 3D particles 
Negatively charged Rh 
Oxidation of Ti3+ to Ti4+ 
Sintering, 
Encapsulation 
-0.8 
* Refers to the behaviour of the catalyst under high temperature treatment 
** EF refers to the Fermi level energy and EV to valence band energy 
Several high-symmetry sites exist on the TiO2(110) surface as shown in Figure 1.8. Metals 
can adsorb to these sites. The metals can bind: 
(1) on top of the bridging oxygen ions (OB),  
(2) on top of a Ti5f,  
(3) at the centre between two OB ions,  
(4) at the centre of triangles formed by O3f and OB ions and  
(5) over the hollow (Ho) site formed by the two Ti5f and two O3f ions at the basal plane. 
 
Figure 1.8: The structure of the topmost layer of the rutile (110) surface showing several 
high-symmetry sites on which metals can bind. Image drawn using “Mercury” version 2.0. 
 
 
(1) 
(5) 
(3) 
(2) 
(4) 
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1.3.1 Palladium on the TiO2 surface 
There has been a thorough amount of research in recent years devoted to palladium 
nanoparticles deposited onto TiO2 support for use as improved materials in hydrogen 
production, methanol reforming, hydrogenation, photocatalysis, CO oxidation and Suzuki 
reactions (16; 17). Pd/TiO2 catalysts have also been utilised very efficiently in the 
combustion of volatile organic compounds (18).  Pd particles deposited onto Degussa P25 
(TiO2) have also shown considerable activity for methanol reforming under visible light 
irradiation and at room-temperature (19). The Pd/TiO2 composites also show improved 
activity for dye degradation. 
As is shown in Table 1, Pd particles deposit onto the rutile TiO2(110) surface as small 
metallic clusters predominantly exposing the (111) metal face. Nucleation of Pd particles 
markedly occurs at the step edges when depositing at room temperature and has been 
observed to occur at the five-fold coordinated Ti (Ti5f) ions at low coverage. The preferred 
adsorption site for Pd particles on the stoichiometric rutile (110) surface is between two OB 
ions, i.e site (3) in Figure 1.8. The interaction of Pd particles with the surface at this site is 
relatively weak and the binding energy of Pd at this site is 1.94 eV (20).  
On the reduced (110) surface the interaction with the surface is much stronger and the 
preferred binding site is the oxygen vacancy (OV) site with a binding energy of 2.41 eV (20). 
The growth mode of Pd particles on the (110) surface is Volmer-Weber like and the particles 
grow, exposing the (111) facet, along the [120] direction parallel to the [001] direction of the 
rutile (110) surface (4). 
1.3.2 Rhodium on the TiO2 surface 
Rhodium is one of the most catalytically active materials and its activity is influenced by 
particle size and the particle-support electronic interaction (21). Rhodium particles deposited 
onto TiO2 have seen more use in classic catalysis and very little work on photocatalysis has 
been reported (16). These classic catalytic uses include hydrogenation (22), water-gas shift 
(WGS) reaction, methanol oxidation and ethanol production from syngas derived from 
natural gas, coal and biomass (23). Rhodium deposits on the rutile (110) surface as 3D 
particles that are exposing the (111) metal face. Nucleation of these particles is at the 
terraces. The particles grow with the (111) face parallel to the TiO2(110). 
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1.3.3 Platinum on the TiO2 surface 
Since the initial reports by Fujishima and Honda on hydrogen production from water, there 
has been a considerable amount of increasing research on Pt/TiO2 catalysts for this 
application. Other applications of the Pt/TiO2 catalysts that have seen an extensive amount of 
research include the water-gas (WGS) reaction, reverse water-gas shift (RWGS) reaction, 
methanol and ethanol reforming, decarboxylation, radical-induced synthesis of amino acids, 
and degradation of organic pollutants (16; 24; 25).  
Pt particles also deposit onto the (110) surface as small metallic clusters exposing the (111) 
metal face. Nucleation of the Pt particles occurs on the Ti5f ions. Comparison of Pt growth on 
the (1 × 1) and (1 × 2) TiO2(110) surfaces shows nucleation occurs randomly on the terraces 
of the (1 × 1) surface and preferentially on the Ti5f ions on the (1 × 2) surface. The growth 
mode is Volmer-Weber like and the particles grow with their (111) face parallel to the TiO2 
support. Pt has two stable adsorption sites on the stoichiometric rutile (110) surface unlike 
other transition metals which generally have one stable adsorption site. Pt particles bind 
between two OB ions and also at the centre of the triangle formed by O3f and OB ions, i.e. 
sites (3) and (4) in Figure 1.8, respectively. The two sites are almost energetically degenerate 
with binding energies of 2.66 eV for site (3) and 2.59 eV for site (4). The preferred 
adsorption site on the reduced (110) surface is at the OV site which has a binding energy of 
4.64 eV. It is clear from the binding energies that the interaction of Pt with both the 
stoichiometric and the reduced surface is strong. 
1.3.4 Gold on the TiO2 surface 
The discovery by Haruta et al. towards the end of the 1980s that nano-size gold particles 
deposited on metal oxides such as TiO2 exhibited relatively high catalytic activity has since 
attracted much interest towards Au-metal oxide catalysts (26). The much exploited 
applications of the Au/TiO2 catalysts include, but not limited to, low temperature CO 
oxidation, photocatalytic hydrogen production, steam and alcohol reforming, organic 
molecule degradation and the WGS reaction (27; 16). Au has a robust chemical stability and 
a high work function (~5.1 – 5.3 eV) akin to Pt and as such Au/TiO2 and Pt/TiO2 catalysts are 
utilized for many of the same applications. However, due to Au’s tunable localized surface 
plasmon resonance (LSPR) Au/TiO2 catalysts have a better or comparable photocatalytic 
hydrogen production activity to Pt/TiO2 catalysts. The exact nature of the effect of LSPR on 
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the enhanced photocatalytic activity of Au/TiO2 is not well understood but it remains clear 
that it enhances photocatalytic activity and the generation of photoelectrochemical current. 
Au particles, like Pt and Pd,  also grow on the rutile (110) surface as metallic clusters 
exposing the (111) face. However, the growth mode of Au is different from the Volmer-
Weber like one observed for Pt and Pd. At very small coverages the “true” 2D growth is 
observed. In other words the Au particles grow into small islands that are only one-layer 
high. Nucleation for this growth is at the Ti5f ions and defects. Kinetic limitations during 
growth result in the formation of two-layer high clusters with a quasi-2D morphology. 
Depositing more Au leads to a hemispherical 2D morphology and finally the cluster assumes 
a spherical 3D morphology with the deposition of more Au. The Au particles grow with their 
(111) face parallel to the TiO2 support. The preferred binding site for Au on the 
stoichiometric surface is on top of the OB ions, site (1), with a binding energy of 1.02 eV. The 
favourable adsorption site on the reduced surface is at the OV site with a binding energy of 
2.55 eV.  
1.4 Strong metal-support interactions (SMSI) 
A key, and unique, property of noble metals deposited onto TiO2 is the strong metal-support 
interaction (SMSI). The term was introduced in 1978 to describe the drastic changes that 
occurred on the chemisorption properties of group 8 – 10 noble metals supported on TiO2. 
One phenomenon related to SMSI is the invasion and masking of the metal surface by the 
oxide support, thus encapsulating significant portions of the metal and creating special 
contact regions with enhanced catalytic properties for some reactions. The resulting effect of 
this interaction is a strong suppression or total vanishing of the chemisorption ability of the 
metals toward H2 and CO. This effect is observed when the metals are supported on TiO2 and 
activated in H2 at ambient temperatures and is indicative of bonding interactions. Therefore 
the term SMSI refers to the bonding of the metals on the support rather than the properties 
that arise from it. An important prerequisite for this migration of the support atop the metal is 
the TiO2 has to be reduced at its surface to TiOx with x < 2. 
Two major factors contribute to the SMSI state, namely an electronic and a geometric factor. 
The geometric factor results from the physical covering of the metal by a reduced thin film 
layer of the support (encapsulation), which blocks active sites at the metal surface.  The 
encapsulation of metals on oxide surfaces was studied by Q.Fu et al by modelling Pd on the 
TiO2(110) surface (28).  
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Two important derivations were made from this study: (1) encapsulation reactions occur only 
for metals with a large work function (Pd, Pt and Rh) supported on a reduced oxide. The 
prerequisite for the encapsulation reaction is that the Fermi level of the metal, EF (metal), 
should be lower than the Fermi level of the oxide support, EF (oxide); (2) the encapsulation 
reaction is dominated by the outward diffusion of the interstitial Ti3+ and Ti4+ cations from 
the bulk to the surface.  
The electronic factor refers to the perturbation of the metal catalyst electronic structure 
caused by charge transfer between the metal and TiO2 support. Electronic interactions occur 
at the metal-support interface among which is the interfacial electron transfer process. When 
EF (metal) < EF (oxide) equilibration of the two Fermi levels occurs which results in electrons 
being transferred from the occupied donor states of TiO2 to the metal and this consequently 
leads to an upward bending of the TiO2 bands. Positive space charges form at the TiO2 
surface as a result of the upward bending of the TiO2 bands and an electric field E0 form as a 
result of the charge transfer, both positively contributing toward the outward diffusion of the 
interstitial Ti cations. 
This property of noble metals is most observed, but not limited to, when TiO2 is used as the 
support. It is also observed on oxides of niobium, vanadium and manganese. The SMSI 
occurs on Pt, Pd and Rh particles deposited onto titania support but not in all cases for Au. 
1.5 Aims of the project 
 
This project will seek to understand why different metals bond to different sites on the titania 
nanorods in rutile nanodandelions with the intention of finding a set of experimental methods 
through which to control the binding sites.  
• The long term intention, would be to be able to selectively deposit platinum group 
metals (PGMs) and base metals onto the dandelions, in specific, targeted locations. 
• The metals will be deposited through deposition precipitation onto different rutile 
single crystal facets to determine the success of depositing each metal onto the 
support. 
• Simultaneously the work will involve finding the DP conditions necessary to reduce 
the particle size of Pd deposited onto rutile single crystals with different faces 
(focussing on those exposed on the nanorods in the dandelions). This will lead to 
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corrections of the model and also to a refined synthesis to be attempted on the 
dandelions to verify the process. 
• The final aim will be to carry out DP under multiple different conditions on the real 
catalyst support, with the intention of testing the reliability of the model catalysts and 
the derived deposition conditions.  
 
 
  
 17 
 
Chapter 2: Experimental 
The experimental work performed in this work was divided into two sections as follows: 
Section 2.1 briefly describes the experimental techniques used to synthesise rutile dandelions 
and the deposition of the noble metals onto the dandelions; Section 2.2 describes the 
technique used to deposit the metals onto rutile single crystals. A description of the 
characterization techniques used for sample analyses is given in Section 2.3. 
2.1  Deposition of metals onto rutile dandelions 
 
2.1.1 Preparation of rutile dandelions 
The rutile dandelions were prepared via a hydrothermal method (29). A solution of TiCl4 
(Sigma Aldrich, 99.99%) was dissolved in 100 ml of iced distilled water in a 250 ml round-
bottomed flask fitted with a Teflon coated magnetic stirrer bar. The solution was stirred and 
heated at 180°C under reflux for 24 hours. The resultant solution was then cooled to room 
temperature, centrifuged and washed three times with hot distilled water by centrifugation at 
3000 rpm. The supernatant was transferred to a beaker and dried in an oven at 100°C for 12 
hours. The obtained powder samples were then analysed by transmission electron microscopy 
(TEM) and powder X-ray diffraction (PXRD) before use in the deposition of the metals. 
2.1.2 Deposition 
The metals were deposited on the dandelions by urea deposition precipitation (29). 1 g of the 
rutile dandelions was dissolved in 100 ml of distilled water in a 250 ml conical flask fitted 
with a magnetic stirrer bar. An appropriate amount of the metal precursor was added to this 
solution and the pH of the solution was adjusted to 9 by adding urea to the solution. The flask 
was sealed with parafilm and stirred for 12 hours at 85°C. The resultant solution was then 
cooled to room temperature, centrifuged and washed three times with hot distilled water by 
centrifugation at 3000 rpm. The supernatant was transferred to a beaker and dried in an oven 
at 100°C for 12 hours. The obtained powder samples were then analysed by TEM, SEM and 
PXRD. The metals deposited were Au, Pt, Pd and Rh at 5, 5.5, 6 and 8% loading by weight. 
The metal precursors used were HAuCl6, HPtCl6, PdCl2 and RhCl2. 
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Powder samples were reduced using Temperature-Programmed Reduction (TPR) under a 
flowing hydrogen/argon gas mixture to attain the deposited metal in elemental form. These 
samples were analysed by TEM and PXRD. 
 
2.2  Deposition of metals onto rutile single crystals 
 
All the rutile single crystals were used as purchased (Crystal GmBh, Germany) and the 
metals were deposited by urea mediated deposition precipitation. An appropriate amount of 
the metal precursor was dissolved in 100 ml of distilled water in a 100 ml conical flask fitted 
with a magnetic stirrer bar. The pH of the solution was adjusted to 9 by adding urea to the 
solution and the single crystal was clamped into the solution using plastic forceps. The flask 
was sealed with aluminium foil and the solution was stirred for 12 hours. The single crystals 
were removed from solution, cooled to room temperature and analysed by SEM. The metals 
deposited were Au, Pt, Pd and Rh at 1% load by single crystal surface area. The metal 
precursors used were HAuCl6, HPtCl6, PdCl2 and RhCl2. 
Following analysis by SEM all single crystal samples were reduced in a flowing 
hydrogen/argon gas mixture at a flow rate of 20 ml/minute to obtain the metals in their 
elemental form. The samples were again analysed by SEM. 
2.3  Characterization techniques and procedures used in sample analysis 
 
2.3.1 Temperature programmed reduction (TPR) 
The reducibility of the samples was investigated by TPR on a Micromeritics AutoChem II 
Chemisorption unit. Sample preparation was done by placing a small piece of quartz wool 
into a U-shaped quartz tube followed by adding 0.1 g of sample into the tube. The tube would 
then be mounted in the instrument.  The reducing gas utilized was a mixture of 10% H2/He. 
2.3.2 Powder X-ray diffraction (PXRD) 
Samples were packed into a zero-background silicon sample holder with a backing glass-
plate. The samples were scanned by stepping at 0.026 ° 2θ over 10-90 ° on a Bruker D2 
Phaser powder X-ray diffractometer. The diffractometer uses Co Kα1 radiation, λ = 1.789Å, 
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and all recorded PXRD patterns were converted to a Cu Kα1 radiation (λ = 1.5406 Å) to 
allow for easier interpretation of the results. The conversion was done according the formula: 
2 = 2sin
[


× sin ( ×

180
)] ×
180

 
where λCu and λCo are Kα1 radiation wavelengths of Cu and Co, respectively, and 2θCu and 
θCo are the 2 theta values obtained when using λCu and λCo, repectively. The formula was 
derived from Bragg’s law of diffraction.  
2.3.3 Transmission electron microscopy (TEM) 
All TEM images were recorded on a FEI Tecnai T12 Spirit electron microscope operated at 
120 kV. Sample preparation was done by sonicating a small amount of sample in methanol 
for five minutes. A drop (or two) of methanol containing the suspended particles was placed 
on a lacey Cu support grid and dried in air. 
2.3.4 Scanning electron microscopy (SEM) 
SEM images were recorded on a FEI Nova Nanolab 600 electron microscope. For sample 
preparation a small amount of sample was spread on a small piece of carbon tape before 
mounting into the microscope. The single crystal samples were placed on the sample older 
using a small pieceof carbon tape then mounted into the microscope for image recording. 
2.3.5 Energy dispersive X-ray spectroscopy (EDX)  
All EDX spectra were recorded on the FEI Nova Nanolab 600 electron microscope. Sample 
preparation for the powder samples was as described in sub-section 2.3.4. 
 
2.4 Characterisation of the prepared rutile dandelions 
 
The crystal structure of the prepared dandelions was studied by PXRD and the generalised 
recorded pattern is shown in Figure 1 along with the peak indices. The morphologies of the 
samples were investigated by SEM. TEM was used for the detailed structure analysis. 
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Figure 2.10: The recorded PXRD pattern of the prepared rutile dandelions showing the index 
for the main peaks. 
The amount of rutile present on the dandelions sample was determined using the Spurr & 
Myers equation (30): 
  
 = [1 + 0.8/]
 
 
where IA and IR are the integrated intensities of the anatase (101) peak and the rutile (110) 
peak, respectively. The dandelion TiO2 sample was found to be 91% rutile and 9% anatase by 
content.  
The recorded TEM and SEM images of the sample are shown in Figure 2.2. Low resolution 
images (a) and (c) show the morphology of the prepared dandelions which are comprised of 
regular and irregular shaped spheres with an average diameter of 1.419 – 2.0 µm. The higher 
resolution TEM image (b) shows the dandelions are composed of radially aligned rutile 
nanorods with an average diameter of 9.66 - 20 nm. Image (a) shows flakes and irregular 
shaped rutile particles present in the sample indicating the self-assembly of the nanorods into 
spherical dandelions was not totally complete even after the synthesis was run for 24 hours. 
The higher resolution SEM image (d) shows the synthesized dandelions are not completely 
densely packed and possess some degree of porosity. 
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Figure 2.11: Morphological depictions of the synthesized rutile dandelions by TEM, (a) and 
(b), and by SEM, (c) and (d). 
A higher resolution TEM image of the nanorods making up the dandelions was recorded and 
shows the nanorods lattice fringes (Figure 2.3). The distance between the fringes was 
measured to be 0.326 nm which can be readily ascribed to the lattice spacing of the (110) 
plane. With the orientation of the fringes uniform throughout the shape of the nanorods it is 
reasonable to deduce that the nanorods expose only the {110} planes at the tips and on the 
sides of the nanorods.  
(a) (b) 
(c) (d) 
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Figure 2.12: High resolution TEM image of the nanorods making up the rutile dandelions. 
The distance between the fringes was measured to be 0.326 nm corresponding the lattice 
spacing of the (110) plane. 
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Chapter 3: Experimental Results 
3.1 Metals deposited onto rutile dandelions 
3.1.1 Results of the Temperature programmed reduction (TPR) 
Experiments 
TPR experiments were carried out using hydrogen as a reducing agent. In a typical 
experiment, 100 mg of the metal loaded rutile dandelion catalyst was placed in a quartz tube 
and heated at 150 °C under flowing He gas for 30 minutes at a flow rate of 30 mL/min to 
remove any absorbed species from the catalyst surface. The catalyst were then reduced by 
heating to 600 °C under a flowing 10% H2/Ar gas mixture at flow rate of 30 mL/min. 
3.1.1.1 Gold on titania nanocrystals (dandelions) 
The TPR profiles for the supported Au catalysts which were only heated to 300 °C are shown 
in Figure 3.1.1. The profiles all show one characteristic peak for the reduction of AuIII to Au0 
(31). The reduction of the Au species on the 5% Au/TiO2 sample begins at 88 °C and ends at 
140 °C with a peak maximum at T = 123 °C. The TPR profiles show a shift to lower 
reduction temperatures with an increase of Au loading on the samples. The 5.5% Au/TiO2 
and 6% Au/TiO2 samples are reduced in the temperature ranges 85 - 136 °C and 75 - 107 °C 
with peak maxima at T = 112 and 90 °C, respectively. The profile of the 8% Au/TiO2 
catalyst also shows a single peak with a peak maximum at T = 82 °C. The catalyst is reduced 
at even lower temperatures (53 – 96 °C) than those prepared at lower metal loadings. 
The amount of metal loading on the supports appears to affect the reduction temperature as 
evidenced by the shift to lower temperatures with an increase in metal loading. Another trend 
observed is the decrease in peak intensity with increasing metal loading. Arena et al. 
observed similar trends for Au catalysts supported on CeO2 (32). They found the peaks to 
decrease in intensity and become narrower with increasing loading and attributed these 
effects to the dispersion of Au particles on the support. Increasing metal loading increases the 
Au particle size and decreases dispersion [2]. The nett effect is decreased metal reducibility 
and hence lower H2 consumption and therefore smaller intensities. The shift to lower 
reduction temperatures is attributed to the decreased metal reducibility. 
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Figure 3.1.1: TPR profiles of the supported Au catalysts. Each profile shows a single peak 
for the reduction of AuIII to Au0. 
3.1.1.2 Platinum on titania nanocrystals (dandelions) 
Figure 3.1.2 shows the TPR profiles of the supported Pt catalysts. Three peaks are observed 
on the profiles. The first peak has maxima at 152 °C (5% Pt/TiO2), 119 °C (5.5% Pt/TiO2) 
and at 150 °C (6% Pt/TiO2). This peak corresponds to the reduction of PtOx (PtO and PtO2) 
species i.e. the reduction of PtIV and PtII to Pt0 (24). The second peak observed on the profile 
is at 300 °C (5% Pt/TiO2), 291 °C (5.5% Pt/TiO2) and at 278 °C (6% Pt/TiO2). The peak is 
of smaller intensity than the first and is attributed to the reduction of surface TiO2 particles 
caused by the hydrogen spillover effect. This phenomenon (Figure 3.1.3) involves the 
migration of activated H atoms from metallic Pt to the surface of TiO2 leading to the 
reduction of reducible sites on the support (33). 
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Figure 3.13.3: A schematic illustration of the hydrogen spillover effect over a 
supported Pt particle. 
The third peak, which appears at similar temperatures for all the catalysts, 520 °C (5% 
Pt/TiO2), 510 °C (5.5% Pt/TiO2) and at 515 °C (6% Pt/TiO2), corresponds to the reduction 
of the surface of the TiO2 support. There is an additional peak observed on the TPR profiles 
with maxima at 215 °C and 198 °C for the 5% Pt/TiO2 and 6% Pt/TiO2 catalysts, 
respectively. This peak is related to the strong metal support interaction (SMSI) state of the 
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catalyst and corresponds to a new active site (Pt-OV-Ti
3+) formed by the Pt-catalyzed 
reduction of surface Ti sites. The strong interaction of Pt with the reduced Ti3+ sites causes 
the migration of electrons to Pt and Pt provides an oxygen-binding site to TiO2 (33), thus 
forming . The peak is a unique characteristic of catalysts on a reducible support and is 
observed often on noble-metals based catalysts (25).  There is a trend observed for the peak 
intensity in that the intensity appears to decrease with increasing metal loading, as was the 
case with Au. This behaviour correlates to the dispersion of Pt particles on the support. 
Higher metal loadings lead to poorly dispersed particles which then give off reduced peak 
intensities (34).  
3.1.1.3 Rhodium on titania nanocrystals (dandelions) 
The TPR profiles for the Rh/TiO2 catalysts all show two peaks with the exception of the 5.5 
% Rh/TiO2 catalyst which shows three peaks (Figure 3.1.4). The first peaks appear with 
maxima at 90 °C (5 % Rh/TiO2), 85 °C (6 % Rh/TiO2), 85 °C (8 % Rh/TiO2) and the 
second peaks at 192 °C (5 % Rh/TiO2), 200 °C (6 % Rh/TiO2), 210 °C (8 % Rh/TiO2).  
 
Figure 3.1.4: TPR profiles of the supported Rh catalysts 
The first peaks of the catalysts appear at very close temperature ranges and are attributed to 
the reduction of the deposited Rh species to metallic Rh i.e. RhIII to Rh0. The second peaks 
are related to the SMSI effect which leads to the encapsulation of the metal particles by the 
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support. The reduction temperature of the second peak increases with increasing metal 
loading. As the amount of metal deposited on the support increases the interaction with the 
support also increases and this therefore leads to higher temperatures for the SMSI state. The 
peak intensity of the two peaks decreases with increasing metal loading. The 5.5% Rh/TiO2 
catalyst shows three peaks with maxima at 75, 92 and 182 °C. The first peak is believed to be 
due to the decomposition/reduction of adsorbed water species while the second and third are 
attributed to the reduction of RhIII to Rh0 and the SMSI state, respectively. The adsorbed 
moisture on this sample could be due to an incomplete drying of the sample. Perhaps the 
sample should have been dried for a longer period than described in the experimental section.  
3.1.1.4 Palladium on titania nanocrystals (dandelions) 
Figure 3.1.5 shows the TPR profiles of the supported Pd catalysts. The profiles show a sharp 
negative peak at around 58 °C that corresponds to the decomposition of the β-PdH (forming 
H2) that formed during the initial flushing of the catalysts with a H2/Ar mixture at low 
temperatures. The first positive peaks are observed at 82 °C (6 % Pd/TiO2) and 75 °C (8 % 
Pd/TiO2) and can be attributed to the reduction of the PdO species. A second positive peak is 
observed at 290 °C (6 % Pd/TiO2) and 265 °C (8 % Pd/TiO2) which correspond to the 
reduction of the adsorbed oxygen (35). A third peak is found around 521 °C (6 % Pd/TiO2) 
and 505 °C (8 % Pd/TiO2) and attributed to the reduction of the TiO2 support. 
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Figure 3.1.5: TPR profiles of the supported Pd catalysts. The negative values indicate the 
desorption of H2 following the decomposition of the β-PdH species formed during the initial 
flushing of the catalysts with a H2/Ar mixture at low temperatures. 
 
3.1.2 Powder x-ray diffraction (PXRD) results 
3.1.2.1 Metals deposited at 5 % (w/w) loading onto titania nanocrystals (dandelions) 
X-ray diffraction was performed to identify the presence of the deposited metals onto the 
titania nanocrystal. The PXRD patterns of the metal on rutile dandelion catalysts prepared at 
5% metal loading are shown in Figure 3.2.1 along with the patterns of the catalysts after 
reduction by the TPR experiments. The patterns do not show any metal peaks prior to 
reduction with the exception of the supported Au catalyst. The Au(111) peak was observed at 
2θ = 38.28 °, the intensity of which increased  following the reduction of the catalyst, from 
which an increase in metallic gold can be inferred. Two small peaks were observed for the 
reduced Pd/TiO2 and Pt/TiO2 catalysts at 2θ values of 28.80 and 28.90 °, respectively. The 
peak at 28.80 ° corresponds to the Pd(111) peak and that at 28.90 ° to the Pt(111) peak.  The 
rutile titania peaks become sharper and increase in intensity, indicative of an increase in 
crystallinity and crystallite size of the catalysts following reduction. The most notable 
increases in intensity are that of the (210) and (220) peak at 44.08 and 56.62 °, respectively, 
-0.003
-0.001
0.001
0.003
0.005
0.007
0.009
0.011
0.013
0 100 200 300 400 500 600
T
C
D
 S
ig
n
a
l
Temperature/ °C
5.5% Pd/TiO2
6% Pd/TiO2
8% Pd/TiO2
 29 
 
(Pt/TiO2 Red. and Au/TiO2 Red.). The (301) and (112) peaks at 69.07 and 69.85 °, 
respectively, become better resolved and sharper after reduction of the Pt/TiO2 and Au/TiO2 
catalysts.  
 
Figure 3.2.1: The PXRD pattern of the synthesized rutile dandelions and all the catalysts 
prepared at 5 % metal loading. The metal peaks are indicated by the arrow and appear in the 
38 – 40 ° 2θ. Red. refers to the reduced catalyst. 
3.1.2.2 Metals deposited at 5.5 % (w/w) loading onto titania nanocrystals (dandelions) 
Figure 3.2.2 shows the PXRD patterns of catalysts prepared at 5.5 % metal loading pre- and 
post-reduction.  As is the case with 5 % metal loading, the Rh metal peaks were not observed. 
Very small peaks were observed at 38.92 ° (Pt/TiO2 Red.) and at 38.95 ° (Pd/TiO2 Red.) 
which correspond to the Pt(111) and Pd(111) planes, respectively. Two peaks were observed 
for the reduced Au catalyst at 38.14 ° and 44.44 ° (very small) and are attributed to the 
Au(111) and Au (200) planes, respectively. A single Au(111) peak is observed for the 
Au/TiO2 catalyst the intensity and broadness of which increases following the reduction of 
the catalyst. This result is indicative of an increase in crystallinity and size of the deposited 
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Au particles. The intensity of the rutile (220) peak at 56.62 ° increases following the 
reduction of all the catalysts with the exception of the Au catalyst.  
 
Figure 3.2.14: PXRD patterns of the catalysts prepared at 5.5 % metal loading along with 
that of the rutile dandelions. The metal peaks are indicated by the arrow and appear in the 38 
– 40 ° 2θ 
3.1.2.3 Metals deposited at 6 % loading onto titania nanocrystals (dandelions) 
The PXRD patterns recorded for the catalysts prepared at 6 % metal loading are very similar 
to those of the 5.5 % M/TiO2 catalysts (Figure 3.2.3). The Au/TiO2 Red. pattern shows the 
Au(111) peak at 38.21 ° and the Au(200) peak at 44.13 °. The Pd(111) peak at 38.94 ° and 
the Pt(111) peak 38.90 ° are also both observed on the patterns of the reduced and non-
reduced catalyst samples. The Rh peaks were not observed as was the case on the catalysts 
prepared at lower metal loadings. The intensity of the rutile (220) peak at 56.62 ° increases 
following the reduction of the Pd and Pt catalysts. Also observed in the Pd/TiO2 Red. and 
Pt/TiO2 Red. patterns is the development of the rutile (310) peak at 64.11 °. The rutile (301) 
and (112) peaks at 69.07 and 69.85 °, respectively, increase in intensity and become better 
resolved following the reduction of the Pd catalyst.  
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Figure 3.2.15: PXRD patterns of the catalysts prepared at 6 % metal loading along with that 
of the rutile dandelions. The metal peaks are indicated by the arrow and appear in the 38 – 40 
° 2θ. 
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3.1.3 Transmission electron microscopy (TEM) results 
3.1.3.1 Metals deposited at 5 % loading (w/w) onto titania nanocrystals (dandelions) 
Figure 3.2.2 The results presented below are of the metals deposited at 5% loading. 
3.1.3.1 (a) Platinum on titania nanocrystals (dandelions) 
The platinum particles were successfully deposited onto the rutile dandelions and are 
depicted as the dark contrast on the TEM micrographs shown in Figure 3.3.1. The platinum 
particles appear to be deposited on both the sides and the tips of the dandelions. The particles 
are measured to have an average diameter of 1.35 nm. 
The reduction of this catalyst leads to sintering of the Pt particles (Figure 3.3.1(c)). The Pt 
particles on the reduced catalyst were measured to be 3.30 nm in diameter, about 2 nm larger 
than those on the unreduced catalyst. Most of the Pt particles are encapsulated into the TiO2 
support and very few remain uncovered at the tips. The encapsulation of the Pt particles can 
be easily seen in Figure 3.3.1(d) where a single Pt particle can be seen covered by a layer of 
the TiO2 support. 
As shown in Figure 3.3.1(c) not only the Pt particles are affected by the reduction of the 
catalyst but the support is also affected. The rutile dandelions support is also reduced as 
indicated by the TPR results in Section 4.1 and the structural changes accompanying the 
reduction can be seen in Figure 3.3.1(c). The distinctive radial alignment of the numerous 
individual nanorods making up the dandelions is no longer observed but rather the nanorods 
appear to have coalesced into bigger particles with no clear or distinctive morphology. 
It is possible that there was some residual anatase in the structure that could have caused this 
state. It is also possible that the reduction of the surface of the titania led to instabilities in the 
surface and that this led to a restructuring that caused a weakening of the bonding states in 
the titania octahedra, leading to growth of the materials in an effort to stabilise the surface. As 
this effect is not seen in gold nanoparticles, it is also possible that the metal embeds into the 
support as described in Chapter 2. 
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Figure 3.3.1: TEM micrographs of the Pt/TiO2 catalyst, (a) and (b). The Pt particles are 
deposited onto the sides and the tips of the nanorods. Images of the reduced catalyst (c) and 
(d) show structural changes to the catalyst support following reduction. 
 
3.1.3.1 (b) Palladium on titania nanocrystals (dandelions) 
The TEM images of the Pd/TiO2 catalyst are shown in Figure 3.3.2. There are no Pd particles 
observed on the sides and tips of the nanorods suggesting very little or no deposition of the 
particles on the nanorods. However, we know from the PXRD results (Section 4.2) where a 
small Pd(111) peak was observed that Pd was deposited on the TiO2 support. The absence of 
Pd particles on the tips and sides of the nanorods suggests and the PXRD results suggest that 
there exist a different binding site for the Pd particles and this is thought to be at the core of 
the dandelions. 
(d) 
(a) (b) 
Pt particle 
TiO2 layer 
(c) 
Pt particle 
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Figure 3.3.2: TEM micrographs of the Pd/TiO2 catalyst, (a) and (b). There are no Pd particles 
observed on the sides and on the tips of the nanorods. Images (c) and (d) of the reduced 
catalyst show structural changes to the support and no evidence of Pd particles on the surface 
after reduction.  
Reducing this catalyst also leads to changes in the structure of the support as shown in Figure 
3.3.2(c) and (d). The nanorods coalesce into bigger particles but there is still no Pd particles 
observed on the surface of the dandelions following the reduction of the catalyst.  
3.1.3.1 (c) Gold on titania nanocrystals (dandelions) 
The gold particles were successfully deposited onto the rutile dandelions as is shown in 
Figure 3.3.3. The gold particles can be easily identified as the dark contrast at the tips and 
sides of the nanorods. The Au particles have an average diameter of 1.30 nm. The reduction 
of this catalyst leads to sintering of the Au particles and the coalescence of the rutile nanorods 
(a) (b) 
(c) (d) 
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into bigger particles as shown in Figure 3.3.3(c). It should be mentioned that even though the 
nanorods coalesce, the overall structure of the dandelions is minnimally changed as the 
dandelions maintain their spherical morphology after reduction. The size of the Au particles 
increase to an average diameter of 9.77 nm after reduction.  
 
 
Figure 3.3.3: TEM images of the Au/TiO2 catalyst, (a) and (b), showing Au particles 
deposited onto the sides and the tips of the nanorods. Image (c) is of the reduced catalyst and 
clearly shows the sintered Au particles on the surface of the dandelions. 
  
(a) (b) 
(c) 
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3.1.3.1 (d) Rhodium on titania nanocrystals (dandelions) 
The rhodium particles were also successfully deposited (Figure 3.3.4). The rhodium particles 
like the gold particles tend to bind on the tips and sides of the dandelions. The particles are 
3.15 nm in diameter.  
 
Figure 3.3.4: TEM micrographs of the Rh/TiO2 catalyst, (a) and (b). The Rh particles are 
deposited onto the sides and the tips of the nanorods. Image (c) shows the reduced catalyst 
with minimal changes to the structure of the dandelions and the Rh particles. 
The Rh catalyst is hardly affected by reduction. The Rh particles did not experience any 
sintering and have average diameter (3.35 nm) similar to that of the unreduced catalyst. There 
is no encapsulation of the metal by the support as is shown in Figure 3.3.3(c). The nanorods 
of the dandelions also remained unchanged following the reduction of the catalyst. 
(a) (b) 
(c) 
 37 
 
3.1.3.2 Metals deposited at 5.5 % (w/w) loading onto titania nanocrystals (dandelions) 
The results presented below are of the metals deposited at 5.5 % loading. 
3.1.3.2 (a) Rhodium on titania nanocrystals (dandelions) 
The rhodium particles were successfully deposited onto the rutile dandelions as is shown in 
Figure 3.3.5. The rhodium particles can be easily identified as the dark contrast and are 
deposited at the tips and sides of the dandelions. Deposition of the Rh particles at this loading 
is consistent with the deposition performed at 5% loading in that at both loadings the 
preferred binding sites for the metals is at the tips and on the sides of the nanorods making up 
dandelions.  
 
 
Figure 3.3.5: TEM images of the Rh/TiO2 catalyst showing Rh particles deposited onto the 
sides and the tips of the nanorods. 
 
3.1.3.2 (b) Platinum on titania nanocrystals (dandelions) 
The platinum particles were also successfully deposited onto the rutile dandelions and are 
depicted as the dark contrast on the TEM micrographs shown in Figure 3.3.6. As is the case 
at 5% metal loading the platinum particles appear to be deposited on both the sides and the 
tips of the dandelions. 
(a) (b) 
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Figure 3.3.6: TEM micrographs of the Pt/TiO2 catalyst. The Pt particles are deposited onto 
the sides and the tips of the nanorods. 
 
3.1.3.2 (c) Palladium on titania nanocrystals (dandelions) 
The palladium particles were successfully deposited onto the rutile dandelions as confirmed 
by the recorded EDX spectrum (Figure 3.3.7). The spectrum shows a characteristic main 
palladium peak at 2.99 keV. Also present on the spectrum are copper and silicon peaks. 
These peaks can be attributed to the copper grid used in the TEM analysis and the presence of 
dust on either the grid or the sample. EDX analysis of this sample was performed for the sole 
reason of confirming the presence of Pd particles on the sample since the observed PXRD 
pattern was very small. 
(a) (b) 
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Figure 3.3.7: EDX spectrum of the Pd/TiO2 catalyst prepared at 5.5% metal loading. A small 
Pd peak is observed at 2.99 keV. 
The TEM images for the sample are shown in Figure 3.3.8. The palladium particles (dark 
contrast) appear to be predominantly deposited onto the sides of the dandelions. 
 
Figure 3.3.8: TEM micrographs of the Pd/TiO2 catalyst. There are more Pd particles 
deposited onto the sides than at the tips of the nanorods (examples shown by the arrows). 
3.1.3.2 (d) Gold on titania nanocrystals (dandelions) 
The Au particles were deposited onto the tips and sides of the nanorods as is shown in Figure 
3.3.9. The Au particles observed on the images are very small and are deposited at the sides 
and the tips of the nanorods. These results are consistent with those of the catalyst prepared at 
5 % metal loading. 
(a) (b) 
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Figure 3.3.9: TEM images of the Au/TiO2 catalyst showing Au particles deposited onto the 
sides and the tips of the nanorods. 
3.1.3.3 Metals deposited at 6 % (w/w) loading onto titania nanocrystals (dandelions) 
The results presented below are of the metals deposited at 6% loading. 
3.1.3.3 (a) Gold on titania nanocrystals (dandelions) 
TEM images of this catalyst are shown in Figure 3.3.10. Au particles can be seen deposited 
on the sides and on the tips of the nanorods. The deposited particles on the images appear 
bigger than those on the catalysts prepared at 5 % and 5.5 % metal loadings. This bigger 
particle size is due to the fact that particle size increases with an increase in metal loading. 
(a) (b) 
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Figure 3.3.10: TEM images of the Au/TiO2 catalyst showing Au particles deposited onto the 
sides and the tips of the nanorods. It is also noted that there is an increased distribution in 
particle sizes. 
3.1.3.3 (b) Rhodium on titania nanocrystals (dandelions) 
Rh particles were deposited on the sides and the tips of the nanorods and clearly visible on 
the TEM images in Figure 3.3.11. The preferred binding sites on this catalyst are consistent 
with those of the catalysts prepared at lower metal loadings.  
 
Figure 3.3.11: TEM micrographs of the Rh/TiO2 catalyst. The Rh particles are deposited 
onto the sides and the tips of the nanorods 
(a) (b) 
(a) (b) 
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3.1.3.3 (c) Palladium on titania nanocrystals (dandelions) 
The Pd particles were successfully deposited onto the sides of the nanorods as was the case 
with the catalyst prepared at 5.5% metal loading. The TEM images for this catalyst are shown 
in Figure 3.3.12. 
 
Figure 3.3.12: TEM micrographs of the Pd/TiO2 catalyst. The Pd particles are deposited onto 
the sides of the nanorods 
3.1.3.4 (d) Platinum on titania nanocrystals (dandelions) 
The Pt particles on this catalyst were deposited onto the sides and the tips of the rutile 
nanorods as shown in Figure 3.3.13. 
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Figure 3.3.13: TEM micrographs of the Pt/TiO2 catalyst. The Pt particles are deposited onto 
the sides and the tips of the nanorods. 
 
3.2 Metals deposited onto rutile single crystals 
The results discussed in this section are of the metals Au, Pd, Pt and Rh deposited onto rutile 
titania single crystals employing the deposition precipitation (DP) method. The results of this 
experimental section were aimed at modelling the catalysts prepared in sub-section 2.1.2. 
This section was also targeted at determining whether the experimental conditions utilised to 
deposit the metals on the rutile single crystals were correct for modelling the catalysts. 
3.2.1 Gold deposited onto the rutile (110) surface 
The gold particles were deposited onto the rutile (110) single crystal. Figure 3.4.1 these are 
seen as bright spots in the SEM analysis. The SEM micrographs show two distinct features in 
the grey and bright spots. The bright spots are attributed to Au particles in elemental form (i.e 
Au0) and the grey features to other Au species in the +3 oxidation state.  
(a) (b) 
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Figure 3.4.1: SEM images of the Au/TiO2(110) sample showing the Au particles deposited in 
elemental form (bright features) and as Au(III) species (grey features). 
The images show a small degree of dispersion and uniformity of the Au0 species whereas the 
Au(III) species tend to form clusters. The Au0 particles were measured to be around 75.5 nm 
in diameter and the Au(III) particles had a diameter of 69 nm. The particles are very large 
compared to those deposited onto the rutile dandelions support (2.28 nm, Section 4.3). The 
two particles are of very similar size and morphology with both particles present in spherical, 
oval and rectangular shapes. 
The larger particle size is to be expected, however, as the surface is uniform and so defect 
sites and nucleation sites are few. Therefore it is expected that the deposition of the gold will 
favour growth over nucleation, leading to larger particles. 
The deposition of Au was confirmed by EDX as is shown in the spectrum in Figure 3.4.2. 
The spectrum shows a peak at around 2.10 keV attributed to Au along with three Ti peaks at 
around 0.50, 4.50 and 4.90 keV.  
(a) (b) 
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Figure 3.4.2: The EDX spectrum of the Au/TiO2(110) sample showing a characteristic Au 
peak at around 2.10 keV along with three Ti peaks . 
 
3.2.2 Rhodium deposited onto the rutile (110) surface 
The Rh particles were deposited on the (110) surface and are shown in Figure 3.4.3 as the 
bright features. The Rh particles are deposited in a spherical shape with an average diameter 
of 108.4 nm. The measured diameter of the particles is very large compared to that of Rh 
particles deposited onto the rutile dandelions (3.15 nm). However a similar explanation to the 
gold particles is expected to apply. The particles show good uniformity and dispersion and 
there is also a small degree of clustering observed. The presence of Rh particles was 
confirmed by EDX as the recorded spectrum showed a single peak at 2.70 keV that attributed 
to Rh. The spectrum also shows three Ti peaks at around 0.50, 4.50 and 4.90 keV as well as 
an O peak at around 0.51 keV, these peaks are due to the TiO2 single crystal. 
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Figure 3.4.3: SEM micrographs of the Rh/TiO2(110) sample. The grey features are attributed 
to be the Rh particles. 
 
 
Figure 3.4.4: The EDX spectrum of the Rh/TiO2(110) sample showing a single Rh peak at 
2.70 keV along with the rutile TiO2 support peaks. 
3.2.3 Palladium deposited onto the rutile (110) surface 
The recorded images for this sample are shown in Figure 3.4.5. The images show particles 
deposited (bright spots) onto the surface. These particles however are not attributed to Pd 
particles as suggested by the recorded EDX spectrum of the sample. The particles are 
deposited onto the dents present on the crystal surface and not on the smooth parts of the 
(a) (b) 
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surface where there is no indentation present. The EDX spectrum (Figure 3.4.6) shows the 
presence of Na, Si, Al, K and Ca but no Pd on the surface, which suggests that the Pd 
particles were not deposited onto the (110) surface. This result is not surprising since it has 
been observed in Section 3.3 where no Pd particles were successfully deposited onto the side 
of the rutile dandelions, which is not the same crystalline surface as used here. 
 
Figure 3.4.5: SEM images of the Pd/TiO2(110) sample. The bright spots are attributed to Si 
and not to Pd. 
 
 
Figure 3.4.6: The EDX spectrum of the Pd/TiO2(110) sample showing the presence of Na, 
Si, Al, K, Ca and Cl but not Pd. 
 
 
(a) (b) 
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3.2.4 Platinum deposited onto the rutile (110) surface 
The Pt particles were deposited onto the (110) surface as confirmed by the SEM images 
(Figure 3.4.7) and the recorded EDX spectrum (Figure 3.4.8). The deposited platinum 
particles are depicted as the grey particles on the surface and the bright spots correspond to Si 
particles that may be present on the surface in the form of dust. The spectrum shows two Pt 
peaks at around 2.05 and 9.00 keV and a single Si peak at around 1.90 keV. Also present on 
the spectrum are three Ti peaks at around 0.50, 4.50 and 4.90 keV with the Ti peak at 0.50 
keV overlapping with the O peaks which is found at 0.51 keV. 
 
Figure 3.4.7: SEM images of the Pt/TiO2(110) sample showing the Pt particles as the bright 
features. 
 
Figure 3.4.8: The EDX spectrum of the Pt/TiO2(110) sample showing characteristic Pt peaks 
at around 2.05 and 9.00 keV. 
(a) (b) 
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3.2.5 Palladium deposited onto the rutile (001) surface 
The Pd particles were deposited onto the rutile (001) single crystal and are observed in Figure 
3.4.9 as the bright spots. The particles are deposited with very good uniformity and 
dispersion. The deposited particles are mainly spherical in shape and have a measured 
average diameter of 86 nm. The deposition of Pd was confirmed by EDX as is shown on the 
spectrum in Figure 3.4.10 which shows a single Pd peak at around 2.99 keV. The spectrum 
also shows the three Ti peaks and a single O peaks which are attributed to the rutile TiO2 
single crystal support. 
 
Figure 3.4.9: SEM micrographs of the Pd/TiO2(001) sample showing the Pd particles as the 
bright features. 
 
(a) (b) 
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Figure 3.4.10: The EDX spectrum of the Pd/TiO2(001) sample showing characteristic Pd 
peaks at around 2.99 keV. 
 
3.2.6 Palladium deposited onto the rutile (111) surface 
The palladium particles were deposited onto the rutile (111) single crystal and are depicted in 
Figure 3.4.11 as the bright spots on the SEM micrographs. The images show the particles 
deposited show good dispersion on the surface although there is also a small degree of 
clustering observed. The particles deposited are spherical and very large with an average 
diameter of 1.19 µm. The deposition of Pd was confirmed by EDX as is shown in the 
spectrum in Figure 3.4.12. The spectrum shows strong Pd peak at around 2.99 keV along 
with two Ti peaks due to the surface. 
This is an essential result as it confirms that the surfaces that are exposed on the rods of the 
rutile dandelions may impact the way in which the metal nanoparticles deposit onto the 
surface. Further it indicates that selected metals could be chosen to go to different sites to 
provide complimentary binding. 
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Figure 3.4.11: SEM micrographs of the Pd/TiO2(111) sample showing the Pd particles as the 
bright features. The recorded EDX spectrum (Figure 3.4.12) is of the marked Pd particle in 
(c). 
 
 
Figure 3.4.12: The EDX spectrum of the Pd/TiO2(111) sample showing characteristic Pd 
peaks at around 2.99 keV. 
 
 
 
 
 
(a) (b) 
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3.3 Discussion 
The metals investigated in this study (Au, Pd, Pt and Rh) were all successfully deposited onto 
the rutile dandelions by deposition precipitation at metal loadings of 5, 5.5 and 6 %. The 
details of which sites on the dandelions each metal binds on are summarised in Table 1 
below. 
Table 1: Preferred binding sites for the Au, Rh, Pd and Pt metals on the nanorods making the 
up the rutile dandelions 
 5 % Loading 5.5 % Loading 6 % Loading 
Au Tips & Sides Tips & Sides Tips & Sides 
Rh Tips & Sides Tips & Sides Tips & Sides 
Pd - Sides Sides 
Pt Tips & Sides Tips & Sides Tips & Sides 
 
As shown in the table, the Au, Rh and Pt particles tend to bind on both the tips and the sides 
of the nanorods that form the rutile dandelions. Palladium however, tends to bind only on the 
sides of the rods in the dandelions. This trend can be explained using the fact that the 
nanorods on the rutile dandelions are dominated by the {110} faces along the [001] direction 
(1). The tips of the nanorods are also dominated by the {110} faces. The results from the 
deposition of the metals onto the rutile single crystals showed all the metals except Pd can be 
deposited onto the (110) surface by deposition precipitation. This was confirmed by the 
recorded EDX spectra. The spectra of the samples Au/TiO2(110), Pt/TiO2(110) and 
Rh/TiO2(110) all showed characteristic Au, Pt and Rh peaks at 2.10, 2.05 and 2.70 eV, 
respectively. The EDX spectrum of the Pd/TiO2(110) showed no palladium peaks and lead to 
the conclusion that the Pd particles could not be deposited onto the (110) surface. Therefore 
the reason the Pd particles tends to bind on the sides of the dandelions rather than on the tips 
can be due to the tips of the dandelions being dominated by the {110} faces on which 
palladium does not bind.  
The TPR results showed that the Au particles deposited onto the rutile dandelions are in +3 
oxidation state and these particles become reduced to a neutral (0) oxidation state following 
heat treatment in a hydrogen atmosphere. The reduction temperature ranges from 85 – 140 °C 
for catalysts prepared at 5, 5.5 and 6 % loadings with the 8 % Au/TiO2 catalyst being 
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reduced at a lower temperature range of 53 – 96 °C. These catalysts did not show strong 
metal-support interaction as evidenced by the absence of SMSI peaks on the TPR profiles and 
an encapsulation layer on the TEM images of the reduced catalysts. SEM images and the 
EDX spectrum of the Au/TiO2(110) catalyst showed that Au can be successfully deposited 
onto the (110) surface to model the catalyst utilising the deposition conditions similar to those 
used to prepare the Au/TiO2 catalyst. However, the conditions need to be refined to allow for 
the deposition of the Au particles on the single crystal at smaller particle sizes. A good 
starting point to achieve this will be to use a larger solution volume to fully dissolve metal 
salt (precursor) 
The TPR results of the Pt catalysts showed that the Pt particles deposited onto the rutile 
dandelions are in +4 and +2 oxidation states and these particles become reduced to a neutral 
(0) oxidation state following heat treatment in a hydrogen atmosphere. The reduction 
temperatures of these Pt catalysts (prepared at 5, 5.5 and 6 % loadings) ranges from 110 – 
180 °C. These catalysts did show strong metal-support interaction as evidenced by the 
presence of SMSI peaks on the TPR profiles of the 5 % Pt/TiO2 and 6 % Pt/TiO2 and an 
encapsulation layer of TiO2 enclosing the metal particles on the TEM images of the reduced 
catalysts. SEM images and the EDX spectrum of the Pt/TiO2(110) catalyst showed that Pt 
can be successfully deposited onto the (110) surface to model the catalyst utilising the 
deposition conditions similar to those used to prepare the Pt/TiO2 catalyst. Again, the 
conditions need to be refined to achieve smaller particle sizes on the model catalyst. 
The TPR results showed that the Rh particles deposited onto the rutile dandelions are in +3 
oxidation state and these particles become reduced to a neutral (0) oxidation state following 
heat treatment in a hydrogen atmosphere. The reduction temperature ranges from 55 – 120 °C 
for catalysts prepared at 5, 5.5, 6 and 8 % loadings. These catalysts did show strong metal-
support interaction as evidenced by the presence of SMSI peaks on the TPR profiles. 
However, an encapsulation layer on the TEM images of the reduced catalysts was not 
observed. SEM images and the EDX spectrum of the Rh/TiO2(110) catalyst showed that Rh, 
like Pt and Au, can be successfully deposited onto the (110) surface to model the catalyst 
utilising the deposition conditions similar to those used to prepare the Rh/TiO2 catalyst. 
Again, the conditions need to be refined to achieve smaller particle sizes on the model 
catalyst. 
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The TPR results of the Pd catalysts showed that the Pd particles deposited onto the rutile 
dandelions are in the  +2 oxidation states and these particles become reduced to a neutral (0) 
oxidation state following heat treatment in a hydrogen atmosphere. The reduction 
temperatures of these Pd catalysts (prepared at 6 and 8 % loadings) ranges from 60 – 120 °C. 
These catalysts did not show strong metal-support interaction as evidenced by the absence of 
SMSI peaks on the TPR profiles and an encapsulation layer on the TEM images of the 
reduced catalysts. SEM images and the EDX spectrum of the Pd/TiO2(110) catalyst showed 
that Pd cannot be deposited onto the (110) surface to model the catalyst utilising the 
deposition conditions similar to those used to prepare the Pd/TiO2 catalyst. However, the 
catalyst can be deposited onto the (001) and (111) surface. 
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Chapter 4: Conclusions 
One of the most important achievements of surface science in catalysis is unveiling the 
relationship between the atomic surface structure and the chemical/physical properties of a 
catalyst. Since the properties and the reactions of materials at the surface and in the bulk 
differ, it is important to study and correlate these differences to better understand the 
properties and chemistry of these materials. This study was used to gain a better 
understanding of the preferred deposition sites and structure of Au, Pt, Pd and Rh metals 
deposited onto rutile dandelions. The study was carried out by means of surface and bulk 
chemistry in that the metals were deposited on different rutile surfaces as well as on the rutile 
dandelions using the same wet chemistry method, i.e. deposition precipitation. 
Au/TiO2 
The Au/TiO2 catalyst was studied by depositing the Au metal on the rutile (110) surface at 5 
% loading and on the rutile dandelions at 5, 5.5 and 6 % loading. The characterisation of this 
catalyst revealed some interesting features. At 5 % metal loading it was found that the Au 
metal has two preferred binding sites on the rutile dandelions: at the tips and sides of the 
nanorods making up the dandelions. Characterisation of these nanorods (Section 2.4) 
revealed that the nanorods expose the {110} facets. To model the catalyst, the Au metal was 
deposited on the rutile (110) surface using the same experimental conditions as those used to 
deposit the metal onto the dandelions. It was found that the metal also has two binding sites: 
(1) on the terrace of the surface and (2) at the “holes” on the surface believed to be the vacant 
sites (specifically oxygen vacancies). Computational studies of the model Au/TiO2 catalyst 
(Section 1.3) show that the preferred binding sites for the Au metal is at the bridging oxygen 
on the stoichiometric surface and at the oxygen vacancies on the reduced surface. Therefore 
there is an agreement between the theoretical and experimental results regarding the preferred 
binding sites for Au particles, i.e. the Au particles binds to the (110) surface both on the 
nanorods and the single crystal and the preferred binding sites on the surface are the same as 
those theoretically predicted (OB and OV). Increasing the metal loading to 5.5 % and 6 % 
does not the affect the binding sites as the particles also deposit on the sides and the tips of 
the nanorods at these loadings.  However, increasing the metal loading affects the size and 
the reducibility of the particles. 
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The trend observed in particle size is that the metal particle size increases with an increasing 
metal loading as shown by the increase in particle size from 1.30 nm at 5 % loading to 22.31 
nm at 5.5 % loading and 5.53 nm at 6 % loading. The reducibility of the metal also increases 
with increasing metal loading as indicated by the decreasing reduction temperature of the 
catalysts from 123 °C at 5 % loading to 112 °C at 5.5 % loading and 90 °C at 6 % loading. 
The Au particles are said to grow exposing the (111) surface plane. This result is confirmed 
by the PXRD results in Section 3.2 which show the Au(111) peaks on the Au/TiO2 catalyst 
patterns. This result correlates with the theoretical results shown in Table 1 of Section 1.3 
which show the Au particles grow as 3D clusters on the (110) rutile surface. Reduction 
studies of this catalyst revealed that the interaction between the metal and the support is not 
strong since there was no metal-assisted reduction of the support observed on the TPR 
profiles of the catalysts. The weak interaction of the metal with the support was further 
substantiated by the fact that there was no encapsulation of the metal by the support 
following the reduction of the support. 
Pt/TiO2 
The Pt/TiO2 catalyst was also studied by depositing the Pt metal onto the rutile (110) surface 
at 5 % loading and onto the rutile dandelions at 5, 5.5 and 6 % metal loadings. The Pt metal 
was found to deposit at the tips and sides of the nanorods making up the dandelions. The 
model Pt/TiO2 catalyst prepared by depositing the metal onto the (110) surface revealed two 
preferred binding sites for the metal on the surface: (1) at the terrace of the surface and (2) at 
the “holes” on the surface, i.e. at the oxygen vacancies. The preferred binding sites for the Pt 
metal as determined by computational studies of the model Pt/TiO2 (Section 1.3) are at the 
centre of two bridging oxygen ions and at the centre of the triangles formed by the three-fold 
oxygen ions and the bridging oxygen ions on the stoichiometric surface and at the oxygen 
vacancies on the reduced surface. The preferred binding sites on the stoichiometric surface 
are both found at the terrace of the surface and there is therefore an agreement between the 
experimental results of this study and the theoretical results as both show the binding sites for 
the Pt metal are the terrace and the oxygen vacancies (OV).  
Increasing the metal loading does not affect the metal binding sites as the metal still binds at 
the tips and sides of the nanorods at 5.5 and 6 % loadings. Increasing the metal does, 
however, affect the size and reducibility of the deposited metal particles. The reducibility of 
metal increases when the metal loading is increased from 5 % to 5.5 % as indicated by the 
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decrease in the reduction temperature from 152 °C at 5 % loading to 119 °C at 5.5 % loading. 
Increasing the metal loading to 6 % decreases the reducibility of the catalyst as shown by the 
increase in the reduction temperature to 150 °C. 
The Pt particles are reported to grow on the rutile (110) surface exposing the (111) surface 
plane. This result is confirmed by the PXRD results in Section 3.2 which show the Pt(111) 
peaks on the Pt/TiO2 catalyst patterns. This result correlates with the theoretical results shown 
in Table 1 of Section 1.3 which show the Pt particles grow as clusters on the (110) rutile 
surface. The interaction of the metal with the support is strong as evidenced by the presence 
of the SMSI peaks present on the TPR profiles of the catalysts at the temperature range 198 – 
215 °C. The strong metal-support interaction is further confirmed by the encapsulation of the 
metal by the support and the Pt-catalyzed reduction of surface Ti sites following the reduction 
of the catalysts. 
Pd/TiO2 
The Pd/TiO2 catalyst was studied by depositing the Pd metal onto the rutile (110), (111) and 
(001) surfaces at 5 % loading and onto the rutile dandelions at 5, 5.5 and 6 % loading. The 
characterisation of the Pd/TiO2(110) model catalyst revealed that Pd particles do not deposit 
on the (110) surface at 5 % loading under the utilised conditions. This result was confirmed 
by repeating the deposition two times. SEM images and EDX results of those prepared 
catalysts did not show the presence of any Pd particles on the surface. A similar result was 
observed when the Pd particles were deposited onto the rutile dandelions at 5 % loading; 
there were no Pd particles observed on the tips and sides of the nanorods from the recorded 
TEM images. However, the PXRD pattern of this catalyst showed a small Pd(111) peak 
suggesting the presence of Pd particles on the catalyst. The TEM and PXRD results of this 
catalyst led to speculation that the Pd particles deposit at the core of the dandelions the 
composition of which is difficult to characterise due to the high density of the nanorods at 
this site.  
Deposition of the Pd particles onto the rutile (111) and (001) surfaces showed the particles 
deposit on the terrace and at the oxygen vacancies on both surfaces. However, the deposition 
of the Pd metal on the rutile dandelions at 5.5 and 6 % loadings revealed that the metal only 
binds onto the sides of the nanorods making up the dandelions. Computational studies of the 
Pd/TiO2 model catalyst reveal that preferred binding sites for the Pd metal are at the centre of 
two bridging oxygen ions on the stoichiometric surface and at the oxygen vacancies on the 
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reduced surface. There is therefore an agreement between the results of this study and the 
theoretical results as the binding sites for the Pd metal are found to be on the terrace and at 
the oxygen vacancies. 
Growth of the Pd particles on the model catalyst is reported to be in cluster form exposing the 
(111) surface plane. The PXRD results of the Pd/TiO2 catalyst are in agreement with this 
finding as the patterns show Pd(111) peaks for all the synthesised catalysts. There is strong 
interaction between the metal and the support as indicated by the presence of SMSI peaks on 
the TPR profiles of the catalysts at temperatures of 400 – 480 °C. The strong interaction is 
further substantiated by the encapsulation of the metal by the support following the reduction 
of the catalysts.  
Rh/TiO2 
The Rh/TiO2 catalysts were also studied by depositing the Rh metal the rutile dandelions at 5, 
5.5 and 6 % loadings and onto the rutile (110) surface in order to model the catalyst. The 
metal was found to deposit onto the sides and tips of the nanorods. Like the Au and Pt metals, 
the Rh metal was also found to deposit onto the terrace and the vacancy sites on the (110) 
surface. Literature studies report the metal to nucleate on the terrace of the surface. However, 
there were no computational studies found that the report on the exact deposition sites for the 
metal on the rutile (110) surface. Therefore there is an agreement between the literature 
findings and the results of this study as both indicate growth of the metal at the terrace of the 
surface. The preferred binding sites of the metal are not affected by increasing the metal 
loading as it was found that the metal binds at the tips and sides at 5.5 and 6 % loadings. The 
reducibility of the catalysts is affected by the increasing the metal loading but a definite trend 
could not observed since increasing the metal loading from 5 % to 5.5 % slightly decreases 
the reducibility with the reduction temperatures slightly increasing from 90 °C to 92 °C. 
Increasing the loading from 5.5 % to 6 % increases the reducibility of the catalyst with the 
reduction temperatures decreasing from 92 °C to 85 °C. 
The Rh particles are reported to grow in a 3D cluster form exposing the (111) surface planes. 
This result is confirmed by the PXRD results which show the Rh(111) peaks for all catalysts 
studied. The interaction of the metal with the support is strong as evidenced by the presence 
of the SMSI peaks present on the TPR profiles of the catalysts at the temperature range 182 – 
210 °C. The strong interaction is further confirmed by the encapsulation of the metal by the 
support following the reduction of the catalysts. 
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Chapter 5: Further Research 
Depositing Au, Pt, Pd and Rh onto single crystals using deposition precipitation is a 
technique that has not been exploited before and as such there is a lot of research that still 
needs to be done to fully understand the technique and its mechanism. A proposed route to 
further develop the technique is to deposit the metals on different rutile surfaces and examine 
the behaviour of the Au particles on these surfaces. It will also be worthwhile to determine 
any similarities between the manner in which the metal particles are deposited onto the single 
crystals and on the bulk rutile dandelion support by studying the deposition mechanism on 
each support (nano- and single crystals).  
The deposition precipitation method proved to be viable method for modelling the catalysts 
using the same wet chemistry conditions as those used for preparing the catalysts. However, 
adjustments can be made to the deposition conditions in order to reduce to the metal particle 
sizes on the model system to the nanometer level. A good starting point in this regard is to 
conduct the experiments using a larger amount of water to ensure that the metal precursor is 
finely dissolved prior to emerging the single crystals into the metal solution.  
To further substantiate that the preferred binding sites for the metals onto the rutile 
dandelions are the tips and the sides of the nanorods high resolution TEM (HRTEM) studies 
need to be conducted on all synthesised catalysts. Also, to further confirm the particles grow 
in cluster form exposing (111) surface planes HRTEM studies need to been on the lattice 
fringes of the deposited metal particles along with selected area electron diffraction (SAD) on 
those fringes. HRTEM studies will also be useful to help determine the strength of the 
interaction of the metal with the support as the HRTEM images will be able to clearly show 
the encapsulation of the metal by the support.  
SEM images were useful in identifying the location of the deposited metal particles onto the 
rutile single crystals. An STM study of the model catalysts will be helpful to determine the 
exact binding sites of the metals on the single crystals as the technique can identify the metals 
down the atomic level. 
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